by renal disease, on the other hand, the urea clearance may sink to 5 per cent of its normal value. At this point uremia either intervenes or is imminent (Van Slyke, Stillman, M@ller, et al., 1930) .
The primary objects of search in the present work were two, viz., 1, the factors which are responsible for the relative constancy of the urea clearance in the face of great variations of blood urea concentration, and 2, which of these factors suffers change when the clearance does alter.
The factors which we have studied with these objects have been the rate of renal blood flow and the proportion of urea removed from the blood during its flow through the kidney.
These two factors necessarily determine the clearance, which can be calculated as their product.
Decrease in the clearance may be brought about by decrease in either factor or in both.
We have also sought to find whether, in the excretion of urea and of water at greatly varied rates, the excretory work of the kidney involves related variations of renal blood flow or oxygen consumption.
EXPERIMENTAL.
General plan of procedure. The animals were dogs in which one kidney had been explanted by the technique of Rhoads (1931 Rhoads ( , 1934 , in order to facilitate the drawing of blood from the renal vein. In some of the animals the other kidney was left in situ, but in most cases it was removed, in order to make more definite the relationship between urea excretion and the observed removal of urea from renal blood, The usual diet contained 4 grams of protein per kilo daily; two-thirds of the protein was in the form of raw meat.
Each experiment was performed after a fasting period of 24 hours. Before each experiment 12.5 cc. of 0.3 per cent NaCl solution per kilo body weight were given by stomach tube in order to obtain a flow of urine well above the augmentation limit. Each experiment as a rule included 3 or 4 successive one-hour periods of 40 to 60 minutes each. The dog was catheterized at the beginning of the experiment and at the end of each period.
At approximately the middle of each excretion period a blood sample was drawn from the renal vein, and immediately afterwards another was drawn from the femoral artery. The time interval between the two samples was usually 2 to 5 minutes, but was sometimes as long as 10 minutes.
The urea and oxygen contents of the blood from the artery and the renal vein were plotted against time on a large scale on co&dinate paper.
For comparison of arterial and venous contents, either the arterial content was found by graphic interpolation at the moment the renal blood was drawn, or both arterial and renal contents were found by interpolation for the moment at the mid-point of the period of urine collection.
For calculations of blood flow and renal oxygen consumption, blood values interpolated to the middle of each urine collection period were used. For calculation in tables 3 and 4 of the proportion of urea removed from the blood by the kidneys, however, arterial blood urea values were interpolated to the moments at which the renal venous blood was drawn: this procedure permitted making use of the preliminary and terminal pair of analyses in each day's experiment, as well as the analyses near the middle of each collection period.
The rates of change of arterial blood urea concentrations were sufficiently regular to make it appear that the interpolations introduced no significant errors. In a few instances where excretion of urea momentarily stopped, a precipitous rise occurred in the urea content of the renal vein blood. This phenomenon, which will be discussed later, either occurred to a striking degree or not at all, so that there appeared to be no difficulty in detecting it. When it occurred the data were not used for blood flow calculations.
The nature of the curves from which the interpolations were made is indicated by figures 1,2 and 3. Collection and preservation of blood samples.
The blood samples were collected over mercury, without contact with air, in oxalate-containing tubes, by the method of Austin et al. (1922) slightly modified as described on page 54 of Peters and Van Slyke (1932) .
As soon as the blood was mixed with the oxalate the tube was completely immersed in icewater, and was kept at O*C. until the oxygen determination, which was performed in less than an hour.
It was found that no measurable change in oxygen content occurred in the cooled blood during the period intervening between the drawing and the analysis.
Methods of blood urea und oxygen analyses. In order to obtain reliable figures for the amounts of urea and oxygen removed from the blood by the kidneys an unusual degree of analytical accuracy was required, because the amounts removed were calculated from differences between the arterial and renal blood. Errors of 1 per cent in determinations of oxygen and urea would produce errors usually in the neighborhood of 5 and 10 per cent respectively in the calculated proportions removed.
It was necessary also to analyze small blood samples, because the number of bleedings made during each experiment precluded drawing large single portions. The technique outlined below, with 0.5 cc. blood samples, was designed to meet these requirements.
Oxygen content was determined in 0.5 cc. samples by the method of Van Slyke and Neill (1924) as described on p. 323-324 of Peters and Van Slyke (1932) .
Each manometric reading, both before and after absorption of 02 with hyposulfite, was repeated two or more times, with the gas at 0.5 cc. volume, until the operator felt certain that the reading was accurate within O,3 mm. The duplicate readings were made as quickly as they could be with accuracy, in order to avoid slight errors from physical reabsorption of O2 or Ns. Before each reading the meniscus in the chamber was lowered 1 or 2 cm. and then brought back to the 0.5 cc. mark, so that each reading constituted a check on the accuracy with which the 0.5 cc. volume of the gas was set. A frosted light was placed 0.5 meter behind the extraction MECHANISM OF UREA EXCRETION 339 chamber to give a sharp definition of the meniscus, and other precautions, described on p. 2434 of Peters and Van Slyke (1932) , were taken to obtain accuracy in setting the meniscus at the 0.5 cc. mark. Osygerz capacity was determined by analyzing in the same manner blood which had been saturated with atmospheric air at room temperatures of 20°-240C.
In calculating the 02 bound as HbOz, 0.5 volume per cent was subtracted, as physically dissolved 02, from the total oxygen content of the blood (Van Slyke and Neil1 1924) .
Urea was determined by the gasometric urease method (Van Slyke, 1927; Peters and Van Slyke, 1932, p. 373) in 0.5 cc. samples of whole blood.
The technique described by Van Slyke (1927) for 1 cc, samples was followed, except that half as great a volume of each reagent was used, and the total volume of solution extracted in the chamber was 3.5 instead of 7 cc. The manometer readings were made with the gas at 0.5 cc. volume when the blood urea concentrations were within ordinary range, but at 2.0 cc. volume when the blood urea was increased several-fold by urea injection. Factors for calculating the urea were computed from the CO2 factors of Van Slyke and Sendroy (1927) .
Accuracy of the bEoud.analyses. Duplicate oxygen analyses usually agreed within less than 0.1 volume per cent, or 1 part in 200.
In urea determinations, the percentage accuracy varied with the amount of urea present.
When the urea nitrogen content was only 8 to 10 mgm. per 100 cc,, the average deviations between duplicates were of the order of 1 part per 100. As the blood urea content increased the relative accuracy of its determination became greater; with blood urea nitrogen in the neighborhood of 100 mgm. per 100 cc. differences between duplicates were usually below 1 part in 300, and in some experiments averaged as low as I part in 500 V;hen duplicates disagreed by more than the usual limit, there was ordinarily sufficient blood to make a third analysis, so that the average error in the values used is less then than the average difference between duplicates, It was almost invariably found, if the first duplicate analyses did not agree, that the higher result, for either oxygen or urea, was the correct one. We believe that in such cases the low result was usually caused by delivering the blood sample too rapidly from the 0.5 cc, pipette, so that drainage was not complete.
The manometer readings on a given sample could be checked with such accuracy that errors exceeding the usual limits mentioned above could not be attributed to the gas measurements.
Collection and analysis of urine. Catheterization, collection of urine, and washing of the bladder were carried out as described in the previous paper (Rhoads, Alving, Hiller and Van Slyke, 1934) . The urea concentrations in the urine and washings were determined by the gasometric urease method (Van Slyke, 1927; Peters and Van Slyke, 1932, p, 361) .
Calculation of urea clearance. The urea clearance was calculated as described in the preceding paper (Rhoads, Alving, Hiller and Van Slyke, 1934) . For comparison of results from animals of different size, the clearances were calculated per square meter of body surface, the surface being estimated by the length-weight formula of Cowgill and Drabkin (1927) .
Calculation of renal blood flow. The rate of renal blood flow was calculated by comparison of the amount of urea removed by the kidneys from each cubic centimeter of blood with the rate of urea output per minute in the urine. E.g., if the rate of output is 25 mgm. of urea N per minute, and the difference between arterial and venuus blood urea N is 0.1 mgm. per cubic centimeter, it is obvious that 250 cc. of blood per minute must flow through the kidneys in order to give off the observed 25 mgm. of urea N. The general equation is:
A-R F = flow of renal blood in terms of cubic centimeters per minute. E = excretion rate of urea N in milligrams per minute. E = U X V, where U is the urea N content of the urine in milligrams per cubic centimeter, and 'v is the urine volume in cubic centimeters per minute. A = urea N content of arterial blood in milligrams per cubic centimeter. R urea N content of the renal vein in milligrams per cubic centimeter. ThIvalues of A and R for calculation of renal blood flow were estimated by interpolation for the moment in the middle of each period of urine collection (e.g., see tables I and 2). The procedure used, with renal blood taken by the technique previously described, provides, so far as the writers are aware, the first data concerning the renal blood flow rate obtained without operation, anesthesia, or instrumental interference with the renal circulation.
The procedure suffers from a thoretical source of inaccuracy in that the rate of urea excretion, E, at the moment when the renal blood is drawn is estimated as the average of the urea excretion rate observed during the period of an hour. When the kidneys are functioning normally, however, the rate of urea removal from the blood, and hence presumably of urea excretion, appears to be fairly constant during such a period. This constancy is evident from comparison of the arterial and renal blood urea curves in the upper left hand corner of figure 1.
When both kidneys are present, and the urea removal is determined only by analysis of the renal blood from the one explanted kidney, the assumption is made, in calculating the total flow through both kidneys, that both function at the same rate with respect to blood flow and urea removal. This assumpti'on may not be exact in all cases, although it appears to be approxi-mately so, both from our data and those of Verney (1929) .
To eliminate error from functional differences between the two kidneys, however, we have based our conclusions, concerning relationship between renal blood flow and urea clearance, on experiments in which only the explanted kidney was present.
In calculating the blood flow per gram of kidney in the first four twokidney dogs of table 5 the weight of the kidney was estimated from the size of the animal, as indicated in the footnote to the table. From each of the other four dogs the unexplanted kidney was later removed, and it was assumed that the weight of the two kidneys in each animal was twice the weight of the removed kidney.
In the cases of the one-kidney dogs in table 6 it was assumed that the weight of the explanted kidney left in each animal was the same as the weight of the kidney which was removed.
This procedure makes no allowance for the possibility that removal of one kidney may be followed by hypertrophy of the other. Whether hypertrophy occurred in our animals we can not say, because they are all still alive. Such hypertruphy has been found by MacKay (1932) to follow unilateral nephrectumy in young rats, and to be greater the younger the rats are when nephrectomized.
The question appears to be of nu importance fur the intrepretation of uur results, so long as it is clear that the data for blood flow and 02 consumption given per gram of kidney refer to the original weight of the organ, without such change as may have occurred after removal of its companion.
Calculation of renal oxygen consumption. The amount of oxygen consumed by the kidney or kidneys was calculated by the formula: O2 consumption in cubic centimeters per minute = m A -x,> x EHbl, x F 100 F = renal blood flow in cubic centimeters per minute, calculated as outlined in the preceding section.
[HblA = hemoglobin content of arterial blood in terms of cubic centimeters 02 capable of combining with the Hb in 100 cc. of blood. The formula for calculating oxygen consumption differs from that usually employed by previous authors, who have based the calculated oxygen consumption of a tissue on the difference between the oxygen contents of the arterial blood and the venous blood flowing from the tissue, without consideration of differences in hemoglobin concentration.
Such calculation assumes that the hemoglobin concentration is unaffected by volume changes occurring while the blood flows through the tissue, or by such difference in time as may occur between the drawing of the arterial and venous blood samples. In fact, however, the blood concentration differences which can occur, at least in the case of the kidney, are such that serious errur would frequently result from failure to include the changes in the calculation.
For example, take the period between the first and second catheterizations of the experiment given in table 1. The oxygen taken by the kidney from each cubic centimeter of blood, if calculated merely as the difference between the arterial and venous 02 contents, would be 0.2083 -0.1834 = 0.0249 cc. However, the hemoglobin content of the arterial blood is represented by 23.00 volumes p.es cent 02 capacity, while that of the renal blood is only 21.84. A considerable part of the decrease in oqgen concentration in the latter is therefore due, not to removal of oxygen by the kidney, but to dilution of the hemogobin. = 0.066 of the 02 capable of being bound by the hemoglubin; 0.066 X loo = 0.0152 cc. of 02 taken from each cubic centimeter of arterial blood which enters the kidney. The deviation of this value from the 0.0249 cc., calculated from the simple difference between arterial and venous 02 contents, exemplifies the error that may arise from failure to take into account changes in hemoglobin concentration.
Fur calculating oxygen consumption per gram of kidney, the weight of the kidney has been estimated as described in connection with the calculation of renal blood flow.
Examples of experiments. Space prevents giving the detailed results period by period for each experiment. We have therefore selected 3 pairs of experiments which are representative and given the results graphically in figures 1, 2, and 3. Each pair consists of one experiment in which no urea was given, and another on the same animal in which enougn urea was given to raise the blood urea to 5 or 10 times the usual level. For one pair of these experiments the complete analytical data are also given, in tables 1 and 2, 
RXSULTS.
The proportion of urea extracted from the blood by the kidnqm3 Picard in 1856 found that blood from the renal vein of the dog contained 8 The term "extraction" was introduced by Dunn, Key and Sheehan (1931) for the removal of urea from the blood by the kidneys,
We have adopted it in that sense, and shall call the percentage of arterial blood urea, removed during passage of the blood through the kidneys, the percentage extraction. only half as much urea as the arterial blood. So far as the writers are aware, no other data from the dog are in the literature. Addis and Shevky (1917) in rabbits found that the kidney removed -1 to 23 per cent of the urea from the blood. Dunn, Kay, and Sheehan (1931) found that the kidney of the rabbit usually extracted between 6 and 13 per cent, but that in some cases the urea removal was so little that, as in certain of Addis and Shevky's experiments, it was within the limits of analytical error. Dunn, Kay and Sheehan were of the impression that in these cases the kidneys VAN Our results show that Picard's figure of 50 per cent urea extraction is far too high, and that the extraction in the dog is practically the same found The chart represents two separate experiments, one in which 0,23 gram of urea nitrogen was given by stomach tube before the experimental period and one in which no urea was given. Return of urea from kidney to renal vein occurred in second hour of experiment without urea administration.
-Urea given. ----No urea given.
animal was trained to such experiments, and was not disturbed by being catheterized and having blood drawn. The arterial and venous urea curves VAN SLYKE, RHOADS, HILLER AND ALVING in figure 1 indicate freedom from irregularity.
In the experiment where blood urea was increased about l&fold by urea administration, urea extraction varied from 8.6 to 10.4 per cent of the arterial content.
When no urea was given, and the arterial urea level was about one-tenth as high, the urea extraction varied from 6.7 to 10.6 per cent of the arterial content.
The proportion of urea extracted was practically the same, whether the arterial urea content was at the usual fasting level ur at IO times that level.
With this fact the first question proposed in our introduction is answered. It is the ability of the normal kidney to remove from each cubic centimeter of blood a constant proportion of the urea present, whether the concentration is high or low, that enables the organ to clear of urea the same volume of blood per minute, despite many-fold variations in urea content. This ability is maintained over all ranges of blood urea concentration that we have studied (8 to 137 mgm. urea N per 100 cc.). Therefore no other adjustment of the kidney's function, such as change in blood flow, is necessary to maintain the urea clearance within its usual limits in the face of great variations in blood urea content.
The urea extraction figure for one human subject, a case of malignant nephrosclerosis, has recently been reported by Weiss, Parker and Robb (1933) .
They found an extraction of IO per cent, nearly the average of our normal dogs.
The range of variation in the percentage of arterial blood urea extracted during passage through the kidney, in dogs with either one or two kidneys, is indicated by tables 3 and 4, and by figure 4. It is evident that in the majority of the observations between 6 and 12 per cent of the arterial urea was extracted from the blood during perfusion of the kidney.
The few urea extractions below 5 per cent probably represent instances in which the urea-excreting function of the kidney was momentarily diminished or not only that removed by the renal excretory mechanism, but also that which passes by physical diffusion from the highly charged blood into the renal tissues, as it does into the muscles and other non-renal tissues. The amount of urea taken from the blood per gram tissue during the minute after injection is indicated by Kay and Sheehan's data to be several times as great in the kidneys as in the general tissue: This fact, however, could be expected from the similarly more rapid flow of blood per gram of tissue through the kidneys. During the period 10 t.0 30 minutes after the injection, Kay and Sheehan found urea returning from the kidneys to the blood, the concentration being higher in the renal vein than in the artery. Some 50 minutes after the injection diffusion equilibrium among blood, kidneys, and other tissues appeared to be approximated, and the percentage urea extraction regained its usual value of 5 to 8. The phenomena seem to occur most probably in accord with the explanation that, of the urea taken up by the kidneys during the first minute after such injections, half or more entered the kidneys by simple diffusion into the renal tissues, and could not be considered as taken out of the blood by the excretory processes of thk organ.
suspended by the disturbances attending catheterization or blood drawing. In four instances such effects were made obvious by the fact that the renal venous blood actually contained more urea than the arterial blood, indicating that for the moment reabsorption of urea from the kidney into the blood replaced excretion. Kay and Sheehan (1933) , in an important paper which appeared after the present work had been prepared for press, report data indicating th .at there is a tendency for the percentage of blood urea extracted by the kidneys to fall somewhat when the blood urea concentration rises to levels at which we failed to note such a tendency. Experimenting with rabbits in which the kidneys were bared under urethane narcosis, these authors determined the renal blood flow by direct measurement of the blood which escaped from the severed renal vein. They estimated the percentage of urea extracted from the blood passing the kidneys by two methods one of which was comparison of the urea content of arterial and renal blood, the procedure used in this paper, Thei r values for percentage urea extraction were mostly, like ours, between 6 and 10, but an averaging curve (their fig. 6 ) relating extraction to blood urea concentration, showed a distinct tendency for the percentage of urea extracted to fall as the blood urea rose. Their curve indicates a mean extraction of about 9 per cent when the blood urea was normal and about 5 per cent when injection raised the blood urea N about M-fold to 120 mgm. per 100 cc. Their renal blood flows showed no change, so that the clearances must have paralleled the percentage extraction values. Our data from 51 determinations in table 4 show the following distribution: When blood urea nitrogen concentrations are separated into 3 groups, with 8 to 50, 50 to 100, and 100 to 137 mgm. of urea N per 100 cc. of blood, the corresponding average urea extractions are 9.4, 9.5, and 8.4 per cent. The number of observations in the 3 groups were, respectively, 34, 14, and 5. The individual extractions for the group with over 100 mgm. of blood urea N per 100 cc. were 6.7, 6.9,9.3,9.5, and 9.9 per cent. The fact that the average was 8.4 compared with 9. 4 for the low blood urea group can not be taken as significant.
Our results may be taken to indicate definitely that raising the blood urea PJ concentration of dogs up to 100 mgm. per cent does not alter the per cent of urea extracted by the kidneys.
Above this level our data are not numerous en .ough to be conclusive , but indicate the pro babil .ity of no alt.eration up to 137 mgm. per cent, where an extraction of 9.9 per cent was noted.
The difference between Kay and Sheehan's results on this point and ours may be attributable to one of the following causes: 1, They used rabbits, and we, dogs. 2. Their animals were anesthetized and operated while ours were in normal condition, The latter cause seems the more likely, because increased the blood urea of normal rabbits to much higher levels (over 300 mgm. urea N per 100 cc.) than in Kay and Sheehan's experiments, without decreasing the urea clearance, It is probable that Drury's constant clearance indicated also a constant percentage urea extraction: if the percentage extraction had decreased, the renal blood flow would have had to increase by the same proportion to keep the clearance constant, On the contrary, Kay and Sheehan's data (their table 12) show no effect of urea injection on renal blood flow in rabbits, nor do our data in dogs. It appears probable that, despite the apparently good renal function maintained in Kay and Sheehan's animal preparations, they were enough affected by the operation and anesthetic to fall somewhat below intact animals in the ability to maintain aL constant percentage urea extraction in the face of elevated blood urea concentration, Reabsorption of UT~U from the kidney into the blood. The upper pair of blood urea curves of figure 2 shows one period when the usual difference between the urea contents of venous and arterial blood suddenly disappears. In figure 3 a similar phenomenon occurs in one period, but to a more exaggerated degree, the venous blood having actually 27 per cent more urea than the arterial.
This phenomenon was encountered several times in our experiments.
It usually affected only one observation in a 17 r 16 15 14 +. 13
Per cent of urea pemoved from renal blood The blackened areas indicate observations on two-kidney dogs, the unexplanted kidney being in situ.
The shaded areas indicate observations on one-kidney dogs.
series, periods immediately before and after such an observation showing the usual 6 to 12 per cent urea removal. The reabsorption of urea was not attributable to stoppage of blood flow; renal blood, the increased urea content of which demonstrated the occurrence of reabsorption at the moment, was drawn from the renal vein with as much facility as usual, and the proportion of oxygen removed from it by the kidney was quite normal.
It is our belief that the phenomenon was due to some reflex initiated at times by slight trauma connected with puncture of the renal vein. We VAN SLYEE, RHoADS, HILLER AND ALVING attempted to block such reflexes by cocainizing the region where the puncture was made, but without success.
Neither could we at will produce the effect by intentional trauma.
The mechanism of the phenomenon remains a riddle, but the fact of its occurrence is of interest in showing that the excretory mechanism of the kidney can be so easily influenced by stimuli from without the organ, and furthermore that reabsorption of urea in the kidney can occur.
There is a possibility that the apparent reabsorption of urea was an artifact, due to admixture of slight amounts of urine with the renal venous blood. Such admixture might conceivably occur if the needle punctured the ureter before it reached the renal vein. However, the technique used would make it difficult for such an occurrence to escape observation. The blood was drawn through a glass capillary tube, which was watched in order to note, by the start of blood flow, when the vein was entered. A few cubic millimeters of urine preceding the blood would have been visible.
The rate of renal Mood $0~. The rate of renal blood flow was determined in 11 experiments on two-kidney dogs and 13 experiments on one-kidney dogs. In each set of experiments 8 different animals were used. Each experiment consisted of 3 or 4 consecutive periods of 40 to 60 minutes each. In tables 5 and 6 results period by period are given for the experiments, which indicate the extent of variation that was encountered. Table 7 gives average results from one-and two-kidney dogs. Table 8 summarizes blood flow data of other authors. E$ect of removing one kidney on the blood flow and urea clearance through the remaining kidney. Table 7 indicates that after removal of one kidney the blood flow through the other is markedly increased. Herrick, Essex, and Baldes (1932) found, on the contrary, that after removal of one kidney the blood flow through the other continued unaltered. However, their observations extended for only a period of about three hours after the unilateral nephrectomy, while our post-operative observations did not begin until a week after removal of the unexplanted kidney. It appears, therefore, from comparison of their results and ours, that increased perfusion of the remaining kidney does not begin fur several hours after unilateral nephrectomy but that within a period of a week or more the blood flow through the remaining kidney does undergo so marked an increase that it does not fall far short of the flow through both kidneys before the operation.
With the increased blood flow through the remaining kidney, the volume of blood cleared of urea by it also increases, After removal of one kidney the average perfusion per gram of the remaining kidney increased to X68 Stewart (1921) has shown that kidney weight in dogs varies directly as the surface area. Taylor, Drury and Addis (1923) per cent, and the average urea clearance to 143 per cent, of the preoperative values. (S ee d iscussion of these phenomena in the preceding paper.) After the first observations, about a week following operation, we observed little tendency to further increase in renal blood flow or clearance.
Relation of renal blood JEow to urea clearance. Figure 5 shows that the urea clearance parallels the renal blood flow. It appears that, in the normal dog, change in renal blood flow is the main physiological factor which determines changes in urea clearance. A preliminary report by Medes, Herrick, and Baldes (1932) states that they have similarly found in dogs that the creatinine clearance (which they term "glomerular filtrate") parallels the renal blood flow, which was measured by stromuhr.
If the percentage of urea extracted from the blood by the kidney were entirely constant, the clearance would by mathematical necessity be exactly proportional to the renal blood flow, and all the points in figure 5 would lie on one line. The degree of scattering observed is attributable to the varia- VAN SLYKE, RHOADS, HILLER AND ALVING tions in percentage urea extraction, which have been shown in figure 4. Comparison of figure 5 with figure 6 shows, however, that variation in percentage urea extraction is ordinarily a minor factor, compared with renal blood flow, in determining the urea clearance in the normal animal.
Relation of renal blood flow to percentage urea extraction. One might anticipate the possibility that when the blood flows more rapidly through the kidney, the process by which urea is removed might be less complete. However, figure 7 shows no indication of any such effect, within the limits of spontaneously occurring variations in blood flow.
It appears that, whatever processes are concerned with the removal of urea from the blood, they approach equilibrium with such rapidity, that even the most rapid normal flow does not get the blood through the organ before the extraction has become as complete as other forces permit.
Relution of renal blood flow to diuresis. The early workers, Landergren and Tigerstedt (1893) and Gottlieb and Magnus (1901) , reported an increase in renal blood flow during the diuresis produced by urea administration.
Other workers, Schwarz (1899), Barcruft and Brodie (1904-5, and 1905-6) , Lamy and Mayer (1906) , Brodie (1913-X4) , Tamura and Miwa (1919-ZO) , Cushny and Lambie (1921) , Dreyer and Verney (1922-23) and Glaser, Laszlo, and Schiirmeyer (1932 and found no correlation between renal blood flow and the diuresis produced by administration of Urea. The relation between renal blood flow and rate of urine flow in our experiments is shown in figure 8 . Although the urine excretion rate was greatly increased in must experiments in which urea was given, the renal blood flow was not increased.
There is no apparent relation between diuresis and physiological variations in renal blood flow. In the two-kidney dogs our extreme variations were from 2.0 to 13.3 cc. of 02 per minute, and in the one-kidney animals from 1.1 to 9.5 cc. per minute.
The percentage variations per gram of kidney were not less. In the same animal in the course of an experiment the consumption was seen to change by as much as 6 cc. (e.g., dog CO, fig. 1, and tables I and 6) .
Effect of removing one kidney 0% the metabolic rate of the other. Comparison of the mean results for oxygen consumption in table 7 shows that the animals with only one kidney consumed an average of nearly twice as much oxygen per gram as the animals with two kidneys.
Apparently after removal of one kidney the metabolic rate of the other is so accelerated that it consumes nearly as much oxygen as had both kidneys previously. How soon after removal of one kidney the oxygen consumption of the other becomes accelerated we do not know, because our first post-operative observations were made about a week after removal of the one kidney.
The metabolic acceleration of the surviving kidney apparently this period, for no marked change was noted thereafter.
occurs within
The increase in oxygen consumption of the remaining kidney appears to accompany a speeding up of all other activities.
The blood flow is increased approximately as much as the oxygen consumption. The urea clearance per gram kidney or square meter body surface, as shown in the preceding paper, and also by the data in tables 5, 6, and 7, is increased likewise, although only about half enough to compensate for the loss of the removed kidney.
The relationship of spontaneous variations in renal blood flow and oxygen consumption.
The literature regarding the relationship between blood flow and oxygen consumption is confusing. Bainbridge and Evans (1914) with the heart-lung-kidney preparation and Tamura and Miwa (1919-20) and Tamura, Watanabe, and Kaburaki (1926) using the direct blood flow method on rabbits reported no significant parallelism between renal blood flow and oxygen consumption. Gremels (1929) concluded that oxygen consumption was not a linear function of the blood. flow. Hayman and Schmidt (1928) , working with dogs, found that no single experiment showed a uniform parallelism between blood flow and oxygen consumption, but that when data on a series of experiments were assembled they showed a considerable degree of parallelism between variations in the two factors.
Glaser, Laszlo, and Schurmeyer (1932 and reported that oxygen consumption increased with renal blood flow as a linear function.
The results of Glaser, Laszlo, and Schtirmeyer, for which the blood flow values were obtained by the thermal stromuhr method, are confirmed by ours, in which an altogether different principle was used for the blood flow values.
The relationship shown by our data is evident in figure 9 . It appears reasonable to assume that both blood flow and oxygen con- sumption of the kidney increase in response to the metabolic demands of the organ, rather than that increased blood flow accelerates oxygen consumption, or vice versa.
Inspection of results in tables 5 and 6 indicates, in agreement with Hayman and Schmidt (1928) , that in the data of a given experiment there may be lack of parallelism between the two factors, the indication of direct proportionality between the two becoming evident only when a considerable number of results are considered, Such a behavior appears to be most probably explained by the assumption that both blood flow and oxygen consumption respond to the same stimulus. In such a case one might expect that a general parallelism in the responses of both would occur, but that blood flow and oxygen consumption would not always respond with like alacrity. No72rrelatiun of renal oxygen consumption to urine Jlozo. The relation between oxygen consumption by the kidney and rate of urine flow in our experiments is shown in figure 10 . There is no correlation. Brodie (1904-5 and 1905-s) and Barcroft and Straub (1910) reported an increase in ovgen consumption as a result of diuresis. Fee and Hemingway (1928) reported a rise in ovgen consumption with increased urine volume, Hayman and Schmidt (1928) found no change in oxygen consumption as a result of urea administration and no correlation between oxygen consumption and concentration or composition of urine. Our results agree with those of Hayman and Schmidt.
Non-relation between renal oxygen consumptimc and the work of tirea excretion. We have sought to find whether a great increase in the excretory work of the kidney, such as is caused by l&fold increase in the blood urea content and hence in the rate of urea excretion, causes a significant increase in the oqgen consumption of the organ. Barcroft and Brodie (1905-6) and Glaser, Laszlo, and Schtieyer (1932) have calculated that the mechanical work which the kidneys do in concentrating and excreting the solid constituents of the urine is less than 1 per cent of the total energy produced by the organ, as measured by its oxygen consumption.
However, if the kidney were an uneconomical engine, it might be necessary to consume, for accomplishment of a given unit of work, manymfold the amount of energy calculated for a perfect engine. In such a case the energy consumed would still approach direct proportionality to the thermodynamic work of excretion, if the energy required directly and indirectly for that Urea is, of course, not the only urinary constituent contributing to the work of excretion. It is, however, one of the most important, and when it is increased IO-fold the effect on the total excretory work must closely parallel the increase in urea output.
In our results no difference in renal oxygen consumption could be noted between experiments in which urea was administered and those in which it was not. Thus, in the one-kidney dogs, the average renal oxygen consumption in experiments without urea administration was 4.4 cc. per minute; in experiments with urea it was 4.7. In the two-kidney dogs the average renal oxygen consumption in experiments without urea administration was 5.8 cc. per minute, while when urea excretion was increased by giving large amounts of urea or meat the oxygen consumption averaged 4.6 cc. per minute.
The apparent significance of these results is that not only the work directly involved in concentrating the urine, but also whatever processes are indirectly connected with it, taken together, consume so little of the total oxygen absorbed by the organ that maximal variations in the excretory work are without measurable influence on its total oxygen consumption. The overwhelmingly greater part of the energy produced must be utilized by the kidney for its own internal cellular processes not related to the external work which the organ is performing. In this respect the kidney affords a contrast to muscle. Borsook and Winegarden (1931) have reported experiments in which I the total oxygen consumption of human subjects was determined before and after feeding about 0.25 gram of urea per kilo body weight, much less than was given in some of our experiments. Borsook and Winegarden observed increases in the oxygen consumption of their subjects, which they interpreted as a measure of the increase in excretory work of the kidneys. In the light of our results obtained directly from the kidney, it appears that such an interpretation is impossible, and that the increases in oxygen consumption observed by Borsook and Winegarden must have been either fortuitous or due to stimulation of the general, extra-renal metabolism of the subjects.
D~scussm~ OF RESULTS
IN CONNECTION WITH THEORIES OF THE MODE OF URINE FORMATION.
The field has been divided between two theories, a modification of the filtration-reabsorption theory of Ludwig and of Cushny (1926) , which has received strong experimental support from the work of Richards (1922 Richards ( , 1929 Richards ( ,1933 and of Homer Smith (1932) and their collaborators, and the direct excretion theory, the arguments for which have been presented by Bensley and Steen (1928) and by Volhard (1931) .
The Jiltra~ion-reabsorption theory assumes that water and crystalloid products of the urine leave the blood in the glomeruli, where an ultra-filtrate of the blood is formed, containing the diffusible substances in the same concentrations as in the blood plasma. The deviations which these constituents show in the bladder urine from the proportions they hold to each other and to water in the blood plasma are, according to this theory, caused by the activity of the tubular epithelium, which reabsorbs most of the water (in mammals usually 97 per cent or more) from the glomerular filtrate, and different proportions of the different solids. Richards (1929) with Wearn (1925) and Bordley, Walker, and Reisinger (1933) has shown, by beautiful ultramicrochemical techniqw, that the glomerular filtrate of the frog is in fact an ultrafiltrate of the blood plasma, and contains the same concentrations of urea, uric acid, chloride, inorganic phosphate, and sugar. Jolliffe, Shannon and Smith (1932 a, b, c) and Smith, Shannon, and Jolliffe (1932) provided evidence which supports the filtration-reabsorption theory, with modification in the case of creatinine. They found that xylose, VAN SLYHE, RHOADS, HILLER AND ALVING sucrose, and raflinose were all excreted with the same clearance values by normal dogs. Urea clearance was consistently about 70 per cent as great.
Creatinine showed clearances 15 to 40 per cent higher than xylose; this behavior, together with the fact that aglomerular fish were found capable of excreting creatinine, indicated the probability that the extra 15 to 40 per cent of creatinine is excreted by the tubules. Glucose, of course, is not excreted by the normal dog, reabsorption in the tubules being complete. Treatment with phlorizin apparently abolished the ability of the tubules both to reabsorb glucose and to excrete creatinine, for it caused the clearances of both these substances to approximate the xylose clearance. Cope (1931 and working with rabbits, has obtained similar results, except that in these animals sucrose behaved like creatinine.
The xylose clearance is evidently a most significant value: Smith and his collaborators regard it as the true glomerular titrate, from 15 to 40 per cent less than the creatinine clearance calculated as the glomerular titrate by Rehberg (1926) .
The direct excretion theory, contrary to the above, assumes that, while the water may be filtered in the glomeruli with a small proportion of the solids which appear in the urine, the much greater concentration of certain solids in urine than in blood is caused by the activity of the tubular cells in taking these solids from the blood and passing them into the glomerular fluid as it passes down the tubules. Marshall (1931) in experiments on dogs and Chambers and Kempton (1933) with tissue cultures of chicks' renal tubules appear to have shown that phenol red thus enters the urine through the tubular lining, but similar demonstration for the naturally occurring urine solids is lacking. Oliver and Shevky (1929) working with isolated perfused frog's kidney, concluded that phenol red was excreted by the glomeruli.
But they found neutral red excreted by the tubules, and supported the principle of possible tubular excretion.
Compatibility of present results with IheJiEtration-reabsorption theory. This compatibility is post easily presented by fitting our results into an hypothetical description of urine formation according to the theory.
For simplicity of expression, and to avoid continual reservations, we shall outline the entirely tentative explanation of the excretory processes in the following paragraphs as though the filtration-reabsorption theory and its corollaries were demonstrated truths. The blood passing through the glomeruli pours its ultra-filtrate into the capsules.
The force which drives the filtrate out of the blood is the blood pressure in the glomerular capillaries.
The opposing force which limits the amount of filtration is the osmotic attraction of the plasma proteins for water, plus any back pressure that may exist in the fluid in the capsule.
When the blood flow in the glomeruli increases from opening of more capillaries in the tufts, as observed by Richards, each freshly opened capillary contributes its quota to an increase in the rate of filtration.
Hence the rate of urea excretion, expressed in the urea clearance, increases in proportion to the renal blood flow, as observed in our experiments.
Since the plasma protein osmotic pressure is nearly constant, and the 6 If, however, one assumes with Rehberg that the clearance of creatinine, rather fhan xylose, is equal to the glomerular filtrate, fhe reabsorbed urea is calculated to be about 50 per cent of the filtered urea, instead of 30 per cent. glomerular blood pressure also presumably so, the proportion of blood water passing into the glomerular filtrate when these forces balance is nearly constant, and likewise the similar proportion of blood urea that passes with this water.
Whether the concentration of urea in the blood is high or low makes no difference with the percentage of blood urea removed in the glomeruli, because the urea is filtered out with the water in which it is dissolved.
If 13 per cent of the blood water is filtered (vide injru), 13 per cent of the blood urea goes with it. Hence we derive what appears to be the simplest explanation for the observed fact that the percentage removal of urea from the blood is the same, whether the blood urea concentration is high or low.
From the glomeruli the filtrate passes into the tubules, where the greater part (usually 97 to 99 per cent) of the filtrate water is reabsorbed by the tubular epithelium and passed back into the blood, with a minor proportion of the filtrate urea, about 30 per cent, to judge from comparison with the xylose clearances of Jolliffe, Shannon and Smith (1932b) ?
This process of reabsorption involves accomplishment of external work by the tubular cells. They must withdraw water from the filtrate, pass the water back into the blood, and remain relatively impermeable to passage of urea with the water, despite the fact that toward the end of the process urea may become 100 times more concentrated in the filtrate than it is in the blood+ The procedure requires that the cells act as force-pumps to drive water out of the filtrate against a heavy head of osmotic pressure.
Of the mechanism by which the cells thus act we know nothing, except that it must involve work by the cells, done by means of energy produced in them, presumably by fuel combustion.
And we have seen that a reflex disturbance produced while puncturing the renal vein may cause the cells to stop this work. Thereupon the tubular lining becomes an ordinary permeable membrane, and permits free diffusion of urea back into the blood ( fig. 3) . Even when the kidney is functioning normally, tubular impermeability to urea is not perfect, and about 30 per cent of the filtered urea passes back with reabsorbed water.
On this basis one would estimate therefure that the extraction of the average 9 per cent of the arterial blood urea by the kidneyis accomplished by filtering about 13 per cent of the blood urea in the glomeruli, and that of the 13 per cent 4 is reabsorbed, lowering the percentage extraction by the kidney to the 9 per cent observed.
The usual variation between 6 and 12 in the percentage extraction of urea may be attributable chiefly to variations in reabsorption.
Since reabsorption is controlled by cellular activity, it may be expected to be subject to more variability than the process of glomerular filtration, the extent of which depends on the balancing of relatively constant physical forces.
When reabsorption of water from the filtrate exceeds a certain proportion, the concentration of urea in the filtrate becomes so great that it begins to break through the relative impermeability of the tubular epithelium and to pass back into the blood in increasing proportions.
Then the percentage urea extraction, and in consequence the urea clearance, begins to decrease. This occurs when water reabsorption becomes sufficient to reduce the urine flow below the "augmentation limit" of Austin, Stillman, and Van Slyke (1921) .
The momentary passage of urea from the kidney back into the blood observed in several of our experiments may be due to reflex paralysis of the tubular cells, When it occurs the tubular lining becomes a membrane without specific impermeability towards urea, and permits the latter to pass back into the blood in accordance with the ordinary laws of diffusion. The occurrence of the phenomenon in our experiments indicates the readiness with which tubular impermeability to urea may be decreased or abolished. It appears possible that such decrease may have caused the temporary low urea excreting power observed by Rehberg (1932) in a case of partial ureteral obstruction by renal calculus, in which the excretion of creatinine remained more nearly normal.
Compatibility of results with the direct excretion theory. It is possible also to build a picture of the observed phenomena on the assumptions that all the water filtered in the glomeruli passes into the ureter, without loss by tubular reabsorption.
Under these conditions the urea concentrations in urine 50 or more times the concentration in blood would be attained by extrusion of urea with little or no water from the blood through the tubular epithelium into the filtrate as the latter passes down the tubules.
In this process, as in that of the filtration-reabsorption theory, the active thermodynamic work must be done by the tubular cells. In this case, however, they do it, not by pumping water against the force of osmotic pressure from the filtrate back into the blood, but by forcing urea in the opposite direction from blood to filtrate.
The forcing of urea from blood to filtrate here assumed is, however, against the force of osmosis, as is the opposite pumping of water assumed in the filtration-reabsorption theory.
Hence a similar amount of work would be required in either process.
Relative applicabilities of the two theories to present results on urea and water excretion.
At present a definite decision between the two theories of renal excretion in the higher mammals can not be made. The fact or facts necessary for such a decision have not been discovered.
All which have thus far been found can be made to fit into either explanation.
Nevertheless, it must be admitted that the brilliant work of Richards and his collaborators in proving that the glomerular fluid of the frog is a true ultrafiltrate of the blood has demonstrated the possibility that the f&ration& reabsorption theory is adequate, and it furthermore is difficult to explain the results of Homer Smith and his collaborators on any other basis without VAN SLYHE, RHOADS, HILLER AND ALVING assuming improbable coincidences. Also the facts presented in this paper appear to be most easily explained by the filtration-reabsorption theory. As seen from figure 8, there is no relation between the rates of renal blood flow and urine flow.
If the urine water were removed from the blood solely by direct filtration, without reabsorption, one would expect some parallelism between blood flow and urine flow, as there is between blood flow and the urea clearance ( fig. 5 ).
It appears somewhat easier to explain also the relative constancy of the percentage urea extraction by means of the filtration-reabsorption theory, in which filtration of a constant proportion of the blood water and urea is predictable from fairly constant physical forces controlling the process. According to the direct excretion theory, the removal of urea from the blood would depend directly upon the specific activity of the tubular cells; one would expect more variability in such activity than in the filtration process.
The latter appears to offer the more satisfying explanation of the relative constancy of the percentage urea removal, and the maintenance of that constancy in the presence of great changes in blood urea content. The great variability in urine volume is more what one would expect of cellular activity, with its probable responsiveness to stimuli.
The observed relative constancy of percentage urea extraction and clearance, and the contrasting extreme variability of water output, appear most compatible with the assumption that the urea removal is controlled chiefly by the relatively constant physical forces governing glomerular filtration, while the variable water output is controlled chiefly by cellular activity governing tubular reabsorption.
Causes which mug diminish the urea clearance. Whatever theory of excretion is correct, when the volume of blood cleared of urea per minute is diminished, the diminution must result either:
I. From decrease in the volume of blood perfusing the kidneys per minute, or II. From decrease in the proportion of blood urea removed. Decreased clearances from both causes have been observed in experiments recorded in this paper.
The physiological and pathological conditions which may produce each of these two effects may, in part at least, be summarized as follows:
I. Retarded renal circulation. This may arise from: a. Closure of an unusually great proportion of the glomerular capillaries by over-stimulus of the normal function noted by Richards (1929) . b. Functional constriction of the afferent arteries of arterioles, the angiospastic constriction believed by Volhard (1931) et al. (1930) and Hayman and Johnston (1933) have found that decrease of perfusible glomeruli in nephritis parallels the fall in urea clearance.
II. Decrease in the percentage of urea removed from the renal blood may result from the following causes, all of which appear to be possibly reversible.
a. Filtratiorz of a smaller volume of fluid from each cubic centimeter of blood perfusing the glomeruli.
This may result from several causes, as follows: 1. Decreased permeability of the glomerular capillaries. This might so retard filtration that the blood would leave the glomeruli before filtration had reached the extent limited by the opposing pressures which set its ordinary limit.
Consequently instead of about 13 per cent of the blood water and urea being filtered, only a fraction of this proportion might pass into the glomerular capsules.
Decreased permeability might occur from thickening of the capillary walls in the tufts, or of the enfolding membrane that surrounds the capillaries, or from collection of protein in the space within or without this membrane.
Whether such decrease in permeability ever plays an important r6le in renal disease we have no data to judge.
It may be that the processes of arterial and capillary occlusion cut off the blood flow before decreased capillary permeability becomes important. 2. Decreased bluold pressure in the glomerular capillaries.
This might result from fall in the general arterial pressure, from constriction of the afferent arteries, or from widening of the efferent ones.
It is known that a decrease in general arterial pressure below about 40 mm. results in anuria, presumably because the pressure in the glomerular capillaries falls too low to push filtrate out against the opposing forces, viz., the osmotic suction of about 25 mm. of mercury exerted by the plasma proteins and whatever hydraulic back pressure exists from the tubular fluid. The decreases in blood pressure which occur in acute cardiac failure and in shock may lower the urea clearance.
Whether, on the other hand, general arterial hypertension in renal disease acts to raise glomerular pressure and compensate for other changes is a question still in dispute.
If the hypertension did serve a compensatory purpose, one might expect that fall in blood pressure in a chronic case might cause fall in urea clearance.
Such parallelism has not been observed in our clinic (Page, unpublished) .
3. Increased back pressure on glomerular filtrate. This must occur when urinary flow is obstructed, from the bladder, the ureter, or by closure VAN SLYKE, RHOADS, HILLER AND ALVING of the tubules with casts or swollen epithelium. This last may be the cause of decreased urea clearance in mercury poisoning.
Partial obstruction, with increased back pressure but not complete stop page, may, however, decrease the clearance chiefly by increasing reabsorp tion in the tubules, as will appear below.
Theoretically, if is possible that retarded reabsorption of water in the tubules might also cause a sufficient back pressure to retard glomerular filtration.
In such a condition the volume of urine would be multiplied because of the escape into the ureters of the unabsorbed filtrate.
One might accordingly expect to tid depression of the urea clearance in conditions of great diuresis, if back pressure from lack of reabsorption is likely to cause such depression.
However, in the maximal diureses obtained by Austin, Stillman, and Van Slyke (1921) there was no decrease in the urea clearance.
It appears unlikely that this factor is often significant. 4. Increased protein content of the blood plasma. If the limit of glomerular filtration is set, by approach to a balance between the restraining colloid osmotic suction of the blood plasma and the capillary blood pressure, it would follow that increase of the protein osmotic suction in the plasma would diminish the volume of filtrat.e, and hence of the urea clearance. And vice versa, decrease in plasma protein content would increase filtration. Experimental data on this point are lacking, and the clinical data are ambiguous.
In two of the eight cases of degenerative Bright's disease charted by Van Slyke, Stillman, Mgller, et al. (1930) there were periods in which the urea clearance was markedly above the usual normal level, sometimes by as much as 40 to 80 per cent, and a similar phenomenon was observed in some cases recovering from acute nephritis.
The periods of high clearance in some cases corresponded with those of low plasma protein content, but in other cases the high clearance occurred in the presence of normal plasma protein values. c. Increased reabsorption of urea in the tubules. Results of our experiments in this paper show t.haf passage of urea back from the kidney into the renal blood can occur temporarily, even in normal kidneys, and to such an extent that the renal vein blood urea content exceeds the arterial. where tubular disease is most evident, the clearance does not, however, appear to be decreased unless the glomeruli also are involved (Van Slyke, Stillman, h@ller, et al., 1930) .
Other clinical conditions have been reported nevertheless, in which there is evidence of abnormally great reabsorption.
In one case of obstruction Rehberg (1932) found dilute urine, low urea concentration, and relatively normal qreatinine clearance.
For the differences in t.he effect on urea and creatinine excretions Rehberg offered the explanation that t-he tubules become permeable to reabsorption of urea more readily than to reabsorption of creatinine.
The explanation seems reasonable from the fact that creatinine appears normally to be not reabsorbed at all. Ferro-Luzzi (1933) states that he has encountered cases of tertiary syphilis and variuus other infections, in which the blood urea was high, up to 150 mgm. of urea per 100 cc., and the urea clearance low, but the creatinine clearance normal. The urea retention he considers therefore to be due to a loss of the ability of the tubular epithelium to prevent reabsorption of urea. He states that in these cases the urea retention is of no prognostic significance. In patients with Bright's disease Hayman, Halsted, and Seyler (1933) found no types in which the creatinine and urea clearances uniformly differed: the peculiarity noted by Ferro-Luzzi apparently occurs rarely, if at all, in genuine Bright's disease. SUMMARY 1. Simultaneous studies of renal blood flow, of the removal of oxygen and urea from the renal blood by the kidneys, and of the excretion of urea and water have been carried out on normal, unanesthetized dogs in which kidneys had been explanted by the technique of Rhoads, so that blood from the renal vein could be obtained by needle puncture through the skin. The renal blood flow was calculated from the rate uf urea excretion and the decrease in blood urea content which occurred as the blood passed the kidneys. The results apparently afford the first data on the prupurtion of urea removed from the blood, the blood flow, and the oxygen consumption in the kidneys, which have been obtained without operation or anesthesia.
2. The kidneys of the dogs removed usually 6 to 12 per cent of the urea from the blood which perfused them. This percentage was independent of the blood urea concentration within such wide ranges as 8 to 140 mgm. of urea nitrogen per 100 cc. It is this constancy in percentage urea removal which makes the urea clearance independent of the blood urea concentration.
3. The renal blood flow varied from 2 to 10 cc. per gram of kidney per minute.
4, The normal spontaneous variations in the urea clearance paralleled chiefly variations in renal blood .@w, the effect of variations in the percentage of urea removed from the blood being less important.
5, In occasional experiments, however, the removal of urea from the blood by the kidney was momentarily reversed, and urea previously concentrated in the kidney diffused back into the blood. This behavior apparently lasted for only a few minutes at each occurrence. A possible explanation is that trauma during needling of the renal vein caused a reflex paralysis of the tubular cells, which lost their relative impermeability to diffusion of urea from the tubular lumina back into the blood. The occur- VAN 
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AND ALVXNG rence of the phenomenon suggests that such reabsorption of unusual proportions of urea may, under unusual physiological or pathological conditions, become a cause of diminished urea clearance, even through the usual cause is retarded renal blood flow.
6. Removal of one kidney was followed by an increase in the blood flow, oxygen consumption, and urea clearance of the remaining kidney. The increase in average i most cases .ncrease in appeared to reach . its maximum within a month.
The blood flow W as68 Per cent, in oxygen consumption 81 per cent, and in urea clearance 43 per cent, of the pre-operative values.
7. No relation of renal blood flow or renal oxygen consumption could be found to the work of the kidney in excreting either water or urea at greatly varying rates.
It appears that neither the excretory work nor the processes directly connected with it control the oxygen consumption of the kidney, which must be governed by the energy requirements of the non-excretory processes in the organ.
This conclusion is explicable by the fact that, as calculated by Brodie, Barcroft, and others, the thermodynamic work ordinarily done by the kidney in excretion is less than 1 per cent of the energy fu rnished by the respiration of the organ. Presumably bot.h respond to similar metabolic demands of the 9. The blood in the renal vein is usually more than 85 per cent indicating that the tissues in the kidney are kept under higher oxygenated, oxygen tension than in most other organs.
10. Applications of the results to the theory of renal excretion, and to explanation of the mechanisms of physiological and pathological variations in urea clearance are discussed.
